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probable  node  during  the  construction  o£  a modified 
Boolean  tree  for  the  graph  of  a circuit. 

(2)  If  there  are  nodes  that  can  be  uniquely  determined,  these 
nodes  are  determined  first. 

(3)  Distance  difference  is  used.  Use  of  this  distance 
difference  brings  the  effect  of  the  multiple  path 
sensitization  with  the  complexity  of  the  single  path 
sensitization  method. 

The  algorithm  is  applied  to  several  benchmark  circuits. 

The  results  showed  the  following: 

(1)  For  combinational  circuits,  the  algorithm  can  generate 
test  patterns  10-15%  faster  than  the  FAN  algorithm  which 
is  known  as  one  of  the  most  efficient  algorithms  to-date. 

(2)  For  sequential  circuits,  the  algorithm  shows  more  fault 
coverage  than  the  nine  valued  algorithm. 


vi 


CHAPTER  1 
INTRODUCTION 

l.l  introduction 

The  number  of  gates  in  a logic  circuit  has  been  increased 
rapidly  owing  to  the  progress  of  integrated  circuit  (IC) 
technology.  This  increase  in  gate  count  makes  logic  testing 
more  costly,  more  difficult,  and  more  time-consuming. 

There  are  two  approaches  to  alleviate  this  logic  testing 
problem.  The  first  approach,  design  for  testability(DFT) , is 
to  design  a logic  circuit  so  that  the  logic  circuit  may  be 
more  suitable  for  testing.  Formerly,  the  goal  of  the  circuit 
design  was  to  minimize  hardware  cost.  However,  owing  to  the 
decrease  of  hardware  cost  and  the  increase  of  the  cost  for 
testing,  the  goal  has  been  changed  to  design  a circuit 
suitable  for  testing  by  adding  some  extra  circuits.  The  second 
approach  is  to  design  more  efficient  algorithms  to  generate 
test  patterns.  After  a product  is  manufactured,  it  should  be 
tested  to  assure  proper  operation  as  designed.  The  test  can  be 
achieved  completely  by  applying  every  possible  input  which  is 
called  a test  pattern.  For  a large  logic  circuit,  however,  it 
is  practically  impossible  to  apply  every  possible  test 
pattern.  Hence,  algorithms  are  needed  to  find  more  probable 
test  patterns  which  can  guarantee  the  required  reliability . 


The  first  approach,  DPT  (Design  For  Testability) , can  be 
summarized  as  adding  extra  circuits  or  partitioning  circuits. 
For  the  DFT  techniques,  there  are  two  categories:  the  ad  hoc 
method  and  the  structured  method.  The  ad  hoc  method  solves  a 
testing  problem  for  a given  design  but  cannot  be  applied  to 

generally.  The  major  techniques  for  the  structured  method  are 
partitioning  [Das84],  adding  extra  test  points  [Hay74],  bus 
architecture  systems  [Nad77J,  signature  analysis  [Nad77J, 
Level  Sensitive  Scan  Design  (LSSD)  [Wil73] , Scan/Set  Logic 
[Ste77],  and  Built-In  Logic  Block  Observation  (BILBO)  (Koe79). 

The  second  approach  can  be  summarized  as  the  design  of 
more  efficient  ATPG  (Automatic  Test  Pattern  Generation) 
algorithms.  Major  techniques  for  this  approach  are  random 
patterns  and  path  sensitization.  Most  algorithms  are  developed 
using  the  path  sensitization  technique.  Another  technique 
called  Boolean  tree  approach  [DavBB,  Jeo89]  is  a modification 
of  the  critical  path  method  [Tho71].  Test  generation  by 
minimization  of  energy  function  is  introduced,  too  [Cha90, 
Chk90] . In  this  dissertation  the  work  will  be  focused  on  the 
design  of  an  efficient  ATPG  algorithm. 


is  to  distinguish  good  products 
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assumed  correct  in  testing. 

A fault  may  be  classified  as  logical  or  parametric, 
intermittent  or  permanent.  A logical  fault  changes  the  logic 
function  of  an  element.  A parametric  fault  changes  the 
magnitude  of  circuit  parameters.  A parametric  fault  may  change 
the  current,  voltage,  and  circuit  speed.  An  intermittent  fault 
is  present  in  some  time  intervals  and  absent  in  other  time 
intervals.  A permanent  fault  is  always  present  and  does  not 


only  logical  and  permanent  faults  are  considered  since  there 


intermittent  fault. 

A logic  circuit  is  tested  by  applying  a sequence  of 
inputs  that  produce  erroneous  outputs  when  faults  are  present 
in  the  circuit.  The  outputs  from  the  circuit  are  compared  with 
the  correct  outputs  (or  reference  values) . The  correct  outputs 
can  be  obtained  from  a known  good  product  or  from  a simulation 
of  the  circuit.  The  general  testing  procedure  is  shown  in 

Test  patterns  and  correct  outputs  are  produced  by  either 
hardware-based  methods  or  software-based  methods.  For 
hardware-based  methods,  test  patterns  are  generated  randomly 
or  pseudo-randomly.  Applying  random  test  patterns  for  logic 
circuits  usually  does  not  allow  a high  coverage  of  fault  with 
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Test  pattern  generation  is  basically  a 
from  many  possible  candidates.  Therefore,  much  work  has  been 
done  to  devise  cost-effective  algorithms  for  test  generation. 
There  are  a lot  of  algorithms  for  the  test  generation  of 
combinational  logic  circuits  [Rot66,  GoeSl,  Fuj83,  Jeo89]. 
However,  there  are  no  test  generation  algorithms  which  give 
satisfactory  result  for  sequential  logic  circuits.  There  is  a 
very  important  difference  between  faults  in  combinational 
logic  circuits  and  those  in  sequential  circuits.  In  sequential 
circuits,  a fault  may  have  the  effect  of  multiple  faults  or 
repeated  faults.  Existing  algorithms  do  not  consider  this 
difference  sufficiently.  We  developed  a new  algorithm  by 
modifying  our  automatic  test  pattern  generation  for 
combinational  circuit. 


1.3  Objectives  of  This  Study 

The  main  goal  of  this  study  is  to  design  a more  efficient 
algorithm  for  test  pattern  generation.  The  algorithm  is 
applied  for  combinational  logic  circuits  first  and  for 
sequential  logic  circuits  next.  A special  tree,  which  is 
called  a modified  Boolean  tree,  is  used  in  the  algorithm.  The 
construction  of  a modified  Boolean  tree  is  the  most  important 
into  several  sub- 


goal is  divided 


used  in  selecting  the  best  path  at  a decision  point  during  the 
construction  of  a modified  Boolean  tree.  Basically,  test 
pattern  generation  is  a search  algorithm.  Most  of  the  existing 
automatic  test  pattern  generation  algorithms  select  paths 
blindly  or  near  blindly  at  best. 

The  second  sub-goal  is  to  reduce  the  number  of 
propagation  D-cubes,  which  are  the  relationship  between  the 
inputs  and  outputs  of  a gate  to  propagate  a fault  through  the 
gate.  Since  the  number  of  propagation  D-cubes  is  the  number  of 
alternatives,  reduction  of  the  number  of  propagation  D-cubes 
means  less  complexity.  For  this  purpose,  a special  distance 
called  distance  difference  is  used. 

The  third  sub-goal  is  to  backtrack  efficiently  during  the 
construction  of  a modified  Boolean  tree.  This  is  achieved 
partly  by  using  several  strategies  which  can  be  summarized  as 

(2)  Unique-path-first  strategy 

(3)  Use  of  distance  difference. 

1,4  pescription  of  Chapters 

dissertation.  The  dissertation  has  five  chapters. 

In  chapter  1,  testing  is  briefly  described.  In  logic 
testing,  there  are  two  approaches:  design  for  test  (DFT)  and 
automatic  test  pattern  generation  (ATPG) . Design  for  test  is 


a design  methodology  that  allows  easier  testing  by  adding 
extra  circuits.  The  second  approach  is  to  design  more 
efficient  algorithms  for  test  pattern  generation. 

Chapter  2 discusses  fault  modeling.  There  are  various 
kinds  of  faults  in  digital  logic  circuits.  However,  practical 
limitations  make  it  impossible  to  test  every  possible  fault. 
In  digital  logic,  the  major  faults  are  stuck-open  faults, 
bridging  faults,  and  stuck-at  faults.  Fault  models  for  these 
major  faults  are  discussed. 

methods  for  combinational  circuits.  The  major  existing  methods 
are  Boolean  difference  algebra,  random  patterns,  and  path 
sensitizing  algorithms.  Following  these  descriptions,  we 
propose  our  automatic  test  pattern  generation  algorithm  which 
is  called  the  Boolean  tree  algorithm. 

In  chapter  4,  existing  algorithms  for  test  generation  of 
sequential  logic  circuits  are  discussed.  Following  these 
discussions,  our  algorithm  is  applied  to  sequential  logic 
circuits. 

In  chapter  5,  main  ideas  are  summarized.  An  extension  of 


algorithm  is  discussed. 


CHAPTER  2 
FAULT  MODELING 

^—Introduction 

Computers  and  other  digital  systems  may  have  faults 
caused  by  an  imperfect  manufacturing  process,  design  errors, 
and  aging.  The  frequency  and  the  kinds  of  faults  depend  on  the 
technologies  used  (TTL,  CMOS,  etc.)  and  the  operating 
condition  of  the  systems.  For  example,  the  major  faults 
associated  with  MOS  technologies  are  defects  in  the  original 
silicon  wafer,  holes  in  the  gate  oxide  of  transistors,  short 
circuits  in  metal,  diffusion  or  polysilicon  interconnections, 
open  circuits  in  interconnections,  high  resistance  contacts 
between  interconnections,  transistor  threshold  voltage  shifts 
due  to  ionic  contamination,  excessive  leakage  currents  or 
charge  loss,  missing  or  extra  regions  (conductor, 
semiconductor,  oxide)  (Man84). 

The  faults  prevent  the  product  from  operating  as 
designed.  A fault  model  is  a hypothesis  about  the  fault 
mechanism  in  a logic  circuit,  since  the  test  of  a product 
depends  on  the  fault  model,  the  reliability  of  a product  is 
the  accuracy  and  effectiveness  of  the  fault 


determined  by 


accurately  as  possible  in  a suitable  form  for  test  generation 
and  simulation.  However,  the  complexity  of  the  fault  model 
should  not  be  too  complex  for  practical  application.  In  many 
situations,  a relatively  simple  model  can  be  used  to 
adequately  represent  a large  number  of  physical  fault  types. 
In  test  generation,  a basic  task  is  to  detect  all  known  or 
expected  types  of  faults  in  a logic  circuit.  The  tests  are 
generated  using  an  appropriate  circuit  model.  If  the  generated 
tests  detect  all  or  almost  all  faults,  then  the  fault  model  is 
considered  sufficiently  accurate  for  test  generation. 

Different  fault  models  are  required  for  different  levels 
of  abstraction  which  are  categorized  as  electrical,  switch, 
logical,  and  functional.  In  the  electrical  level,  faults  are 
shown  by  changes  in  current,  voltage,  resistance,  etc. 
However,  these  parameters  are  meaningless  in  the  logical  level 
model  where  faults  are  shown  by  changes  in  logic  value  from  1 
(logic  high)  to  0 (logic  low)  or  0 to  1. 

The  generalized  single  stuck-line  model  (Bre76)  is  for 
the  switch-level  circuit  model(Bry84) . The  major  fault  models 
in  the  logical  level  are  the  stuck-open  fault  model,  the 
bridging  fault  model,  and  the  stuck-at  fault  model.  The  stuck- 
at  fault  model  is  used  most  widely  and  can  be  applied  to  all 
types  of  logic  circuits.  The  stuck-at  fault  model  can  be 
classified  as  a single  stuck-line  model  and  a multiple  stuck- 
line  model.  The  single  stuck-line  model  assumes  that  only  one 


interconnection  line  may  be  stuck  at  0 or  1 at  the  same  time. 
The  number  of  possible  single  stuck-at  fault  is  2n  for  an  n- 
line  circuit.  The  multiple  stuck-line  model  assumes  that 
several  lines  may  be  stuck  at  0 or  1 simultaneously.  There 
are  very  large  numbers  of  faults  for  this  model.  The  number  of 
possible  stuck-at  fault  is  3n-l  for  an  n-line  circuit.  When 
the  detailed  logic  diagrams  or  transistor  circuit  diagrams  are 
not  available,  stuck-line  models  cannot  be  used. 

In  this  dissertation,  logical  level  faults  are  discussed. 
In  the  logical  level,  the  major  faults  can  be  modeled  as 
stuck-open  faults,  bridging  faults,  and  stuck-at  faults. 

2j.Z_5.tugk  Open  Faults 

Complementary  metal  oxide  semiconductor  (CMOS)  technology 

fault  for  logic  circuits  implemented  by  CMOS  technology  is 
stuck-open  faults.  A combinational  CMOS  circuit  with  stuck- 
open  faults  may  operate  as  a sequential  circuit.  There  are 
several  algorithms  which  generate  test  patterns,  either  in  the 
switch  level  [Bos82,  Bas84 , Mal84,  Abo87],  or  in  the  gate 
level  [E1Z81,  cha83,  Jai83,  Red85,  Che85,  Dam87].  It  is  known 
that  a sequence  of  two  test  patterns  is  needed  to  test  a 
stuck-open  fault  [Jai83,  Red84,  Jai85,  Red85,  CheSS,  Dam87). 

Jain  and  Agrawal  [Jai83,  Jai85]  used  elementary  gates 
(AND,  OR,  NOT)  and  a B-block  to  model  CMOS  circuits.  The 
modeling  is  done  in  the  following  steps: 


(1)  A series/parallel  connection  of  transistors  of  a 
CMOS  circuit  is  replaced  with  an  AND/OR  gate. 

(2)  The  inputs  to  the  gate-level  model  of  the  pMOS 
network  are  complemented. 

(3)  The  output  of  the  pMOS/nMOS  circuit  is  denoted  by 


M denotes 


(a)  Notation 


If  the  outputs  of  a circuit  are  properly  initialized,  the 
stuck-open  fault  can  be  tested  using  the  stuck-at  model 
[Red84J.  Therefore,  the  test  generation  can  be  achieved  by  the 
following  steps: 

(1)  The  first  step  is  to  initialize  the  output  of  the 
circuit  to  a desired  value.  During  initialization, 
the  inputs  should  be  applied  so  that  the  value  at 


fault  site  may  be  the  same  for  a good  product  and 
for  a faulty  product. 

(2)  The  second  step  is  to  find  a test  pattern  for  a 
stuck-at  fault  which  represents  a stuck-open  fault 

As  an  example  of  application  of  the  model,  consider  the 
circuit  of  a NAND  gate  in  Pigure  2-2 (a).  The  transistor 
circuit  can  be  modeled  by  the  logic  model  in  Pigure  2-2 (b). 
The  stuck-open  faults  in  the  circuit  can  be  modeled  as  stuck- 
at  faults  as  shown  in  Pigure  2-2 (c).  Some  faults  in  Figure  2- 
2(c)  cannot  be  tested  applying  a one-pattern  test.  Some  faults 
require  two-pattern  tests.  For  example,  consider  the  stuck- 
open  fault  in  transistor  3.  The  equivalent  fault  for  the  gate 
model  is  stuck-at-1  at  line  3 (see  Figure  2-2(c)).  The 
condition  necessary  to  propagate  the  fault  through  the  gate  G, 
is  Xj-1.  The  condition  necessary  to  activate  the  fault  is  X,=0. 
Thus,  the  test  pattern  is  (X1  X? ) - ( 0 1).  However,  the  test 
pattern  (X,  X2)=(0  1)  cannot  detect  the  fault  stuck-at-1  at 
line  3.  If  the  pattern  is  applied  to  the  circuit,  the  outputs 
are  S,=l,  S0=O,  and  f=l  for  the  good  product.  For  the  faulty 
product,  the  outputs  are  S,=M  (remain  at  the  previous  value), 
S„-0,  and  f=M.  If  the  previous  value  is  f«l,  the  test  pattern 
cannot  detect  the  fault.  Hence,  it  is  necessary  to  initialize 


the  output 


(a)  Transistor  Circuit  for  a NAND 


Fig  2-2  Equivalent  faults  between  a transistor  circuit 

(a)  Transistor  circuit  for  a NAND 

(b)  Logic  model  for  (a) 

(c)  Equivalent  faults 


Fault  In  circuit 


Xi  stuck-al  1 (0) 

X2  stuck-at  1(0) 
t stuck-at  1(0) 
transistor  1 on(open) 
transistor  2 on  (open) 
transistor  3 on  (open) 
transistor  4 on(open) 


Fault  in  model 


line  1 stuck-at  1(0) 

line  2 stuck-at  1(0) 
line  9 stuck-at  1(0) 
line  5 stuck-at  1(0) 
line  6 stuck-at  1(0) 
line  3 stuck-at  0(1) 
line  4 stuck-at  0(1) 


(c)  Equivalent  faults 


— continued 


2.  3.  .Bridging  Faults 


The  increase  in  the  density  of  devices  on  VLSI  chips 
makes  bridging  faults  more  important.  There  are  several 
algorithms  to  generate  test  patterns  for  bridging  faults 
[XU82,  Ack83 , 8ha8 5 , Mal86,  Hil88). 


A bridging  fault  occurs  when  two  or  more  conducting  areas 
contact  each  other  unintentionally.  As  with  other  kinds  of 
faults,  a bridging  fault  must  be  activated  and  propagated  to 
a primary  output  when  a test  pattern  is  applied.  The 
contacting  areas  must  have  different  logic  levels  to  activate 
a bridging  fault  [Kar80].  This  condition  is  not  necessarily 
true  for  bridging  faults  which  create  a memory  in  an  otherwise 
combinational  circuit. 

A CMOS  circuit  with  a bridging  fault  and  the 
corresponding  electrical  model  [Mal86]  are  shown  in  Figure  2- 
3.  Bridging  faults  in  CMOS  circuits  usually  do  not  result  in 
an  intermediate  value  which  could  not  be  correctly  interpreted 


bridging  fault  dominates  the  other  value.  Thus,  a bridging 
fault  behaves  as  a wired-AHD  or  wired-OR,  depending  on  the 
gates  which  drive  the  bridged  conducting  areas.  This  is  also 
valid  for  ECL  (Emitter  Coupled  Logic) , RTL  (Resistor 
Transistor  Logic) , DTL  (Diode  Transistor  Logic) , and  TTL 
(Transistor  Transistor  Logic)  technologies  [KOD80] . 

The  number  of  bridging  faults  (Nb)  for  a network  with  n 


conducting 


(a)  A CMOS  bridging  fault 


(b)  The  corresponding  electrical  model 


bridging  fault  and 


electrical 


should 


considered 


that  it  is  not  necessary  to 
every  possible  bridging  faults.  The  number  of  bridging  faults 
to  consider  is  reduced  by  the  following  factors.  The  detection 
of  one  bridging  fault  can  detect  another  fault  [Abr83] , and 
the  bridging  faults  on  the  inputs  of  an  elementary  gate  are 
detected  by  test  patterns  for  single  stuck-at  fault 
[Mei74] . Moreover,  if  the  layout  of  the  circuit  is  available, 
the  number  of  bridging  faults  can  be  reduced,  using  the  fact 
that  a bridging  fault  is  probable  only  between  adjacent 
conducting  areas. 

2.4  Stuck-at  Faults 

Although  the  fault  model  assumes  a possibility  of  stuck- 
at-1  or  stuck-at-0  for  most  of  the  connections  in  the  logic 
circuit,  the  generated  test  can  detect  other  kinds  of  faults, 
that  is  to  say,  shorts,  opens,  and  functional  faults. 
Moreover,  as  explained  in  section  2.3,  stuck-open  faults  can 
be  modeled  by  stuck-at  faults.  Some  bridging  faults  can  be 
detected  by  the  test  pattern  for  stuck-at  faults.  The  strength 


ability  to  detect 


kinds  of  faulty  behavior  in  logic  circuits  in  addition  to 
stuck-at  faults.  In  a fanout-free  network,  the  test  pattern 


Stuck-at  faults  are  assumed  to  affect  only  the 
interconnection  between  gates.  Possible  fault  sites  are  the 
inputs  and  the  outputs  of  gates.  There  are  two  kinds  of  stuck- 
at  faults,  that  is  to  say,  stuck-at-0  and  stuck-at-1.  A line 
at  stuck-at-l/stuck-at-o  remains  at  its  logical  value  of  I/O 
irrespective  of  the  applied  primary  inputs. 

The  number  of  stuck-at  faults  (NB)  for  a gate  level 
network  is  given  by 


where  n is  the  number  of  lines  in  the  network. 

It  may  be  assumed  that  stuck-at  faults  do  not  occur 
simultaneously.  Under  this  single  stuck-at  fault  assumption, 
the  number  of  stuck-at  faults  (N#)  becomes  2n.  For  a 
combinational  circuit  without  internal  fanout,  it  is  known 
that  test  patterns  for  single  stuck-at  faults  cover  98*  of  all 
multiple  faults  for  six  or  fewer  faults  [AgaBl]. 


for  single  stuck-at  faults  can  also  detect  all  bridging  faults 
[Fri74). 


.4.1  The  AMP 


fault 


Several  faults  are  said  to  be  equivalent  if  their  effect 
on  the  relationship  between  primary  inputs  and  primary  outputs 
is  the  same.  Here,  the  primary  inputs/primary  outputs  means 
the  inputs/outputs  of  a network.  For  equivalent  faults,  it  is 
not  possible  to  tell  a fault  from  the  other  faults  by  applying 
primary  inputs  and  observing  the  primary  outputs  of  a network. 
A test  pattern  can  detect  several  stuck-at  faults  which  may 
not  be  equivalent.  Then,  these  test  patterns  are  called 
equivalent  with  respect  to  the  test  pattern. 

Consider  a 2-input  AND  gate  in  Figure  2-4 (a).  There  are 
26  stuck-at  faults  for  this  gate.  These  faults  can  be 
classified  as  5 equivalent  stuck-at  faults.  These  faults  can 
be  tested  by  applying  3 test  patterns  as  shown  in  Figure  2- 

In  general,  for  an  n-input  AND  gate,  there  are  n+2 
equivalent  stuck-at  faults.  The  n+2  equivalent  stuck-at  faults 

(1)  The  output  is  always  0.  This  is  the  case  when  there  is 
either  a stuck-at-0  at  any  one  (or  more)  input(s)  or  at 
the  output  of  the  gate. 

(2)  The  output  is  always  1.  This  is  the  case  when  there  is 
either  a stuck-at-1  at  every  input  or  a stuck-at-1  at  the 
output  of  the  gate. 


(3) 


output  changes  according 


applied  input. 


Single  stuck-at  faults 


Triple  stu 

III 

sal  saO  saO 
sal  saO  sal 
sal  sal  saO 
sal  sal  sal 

Two-input  NAND  and  equivalent 

(a)  2-input  NAND 

(b)  stuck-at  faults 

(c)  Equivalent  faults 


Equivalent  faults 

St  = {(saO  at  a),  (saO  at  b),  (saO  at  c),  (saO  at  a,  saO  at  b), 

(saO  at  a,  sal  at  b),  (sal  at  a,  saO  at  b),  (saO  at  a,  saO  at  c), 
(sal  at  a,  saO  at  c),  (saO  at  b,  saO  at  c),  (sal  at  b,  saO  at  c), 
(saO  at  a,  saO  at  b,  saO  at  c),  (saO  at  a,  sal  at  b,  saO  at  c), 
(sal  at  a,  saO  at  b,  saO  at  c),  (sal  at  a,  sal  at  b.  saO  at  c)} 
S;  = {(sal  at  a)) 

S3  = ((sal  at  b)) 

S<  = ((sal  ate)) 

Ss  = { (sal  at  a,  sal  at  b),  (saO  at  a,  sal  at  c).  (sal  at  a,  sal  at  c) 
(saO  at  b,  sat  at  c).  (sal  at  a,  sal  at  o), 

(saO  at  a,  saO  at  b,  sal  at  c),  (saO  at  a,  sal  at  b,  sal  at  c), 
(sal  at  a,  saO  at  b,  sal  at  c),  (sal  at  a,  sal  at  b,  sal  at  c)} 


Equivalent  faults  with  respect  to  a test 
with  respect  to  test  (a  b)=(1,1):  Si 
with  respect  to  test  (a  b)=(0,1):  Sa+S«  +Ss 
with  respect  to  test  (a  b)=(1,0):  Sa  + Si  + Ss 


other  inputs,  stuck-at-1  at  input  2 and  at  other  inputs, 
....  and  stuck-at-1  at  input  n and  at  other  inputs. 

The  output  stuck-at-1  can  be  detected  by  the  test  for 
stuck-at-1  at  any  one  input.  Thus,  n+1  test  patterns  can 
detect  every  stuck-at  faults,  which  may  be  either  single-  or 
multiple  stuck-at  faults.  The  n+1  test  patterns  are  (111  ... 
1),  (0111... 1),  (10111... 1),  (110111. ..1),  (1110111... 1),  .... 
and  (111. . .1110) . 

2.4.2  The  0B  Gate  Fault 

similar  to  an  AND  gate,  there  are  n+2  equivalent  stuck-at 
faults  for  an  n-input  OR  gate.  The  n+2  equivalent  stuck-at 
faults  are  as  follows: 

(1)  The  output  is  always  0.  This  is  the  case  when  there  is 
either  a stuck-at-0  at  every  input  or  a stuck-at-o  at  the 
output  of  the  gate. 

(2)  The  output  is  always  1.  This  is  the  case  when  there  is 
the  output  of  the  gate. 

(3)  The  output  changes  according  to  the  applied  input.  There 
are  n cases.  The  n cases  are  stuck-at-0  at  input  1, 
stuck-at-0  at  input  2,  ...,  and  stuck-at-0  at  input  n. 


The  output  stuck-at-0  can  be  detected  by  the  test  for 
stuck-at-0  at  any  1 input.  Thus,  n+1  test  patterns  can  detect 


every  stuck-at  faults,  which  may  be  either  single  or  multiple 
stuck-at  faults.  The  n+1  test  patterns  are  (000  ...  0), 
(1000... 0),  (01000... 0),  (001000. . .0) , (0001000. . .0)  , ...  , 

2.4.3  The  Inverting  Gate  Fault 

There  are  2 equivalent  stuck-at  faults  for  an  inverter 
(NOT)  gate.  These  faults  can  be  tested  by  applying  0 and  1 in 
the  input  of  the  gate. 

A NAND  gate  can  be  explained  as  the  combination  of  an  AND 
gate  and  of  an  inverter.  For  a n-input  NAND  gate,  there  are 
n+2  equivalent  stuck-at  faults.  These  equivalent  stuck-at 
faults,  which  may  be  either  single  stuck-at  faults  or  multiple 
stuck-at  faults,  can  be  tested  by  n+1  test  patterns.  The  n+1 

A NOR  gate  can  be  explained  as  an  OR  gate  followed  by  an 
inverter.  For  a n-input  NOR  gate,  there  are  n+2  equivalent 
stuck-at  faults,  which  may  be  either  single  stuck-at  faults  or 
multiple  stuck-at  faults.  These  equivalent  stuck-at  faults  can 
be  tested  by  n+1  test  patterns.  The  n+1  test  patterns  are  the 


CHAPTER  3 

COMBINATIONAL  LOGIC  TEST 

2...1..Int  reduction 

With  the  progress  of  Integrated  Circuit  (IC)  technology, 
the  number  of  gates  in  an  IC  has  been  increasing  rapidly. 
This  increase  in  gate  count  makes  testing  of  logic  circuits 
more  costly  and  time-consuming.  Therefore,  much  work  has  been 
done  to  devise  a cost-effective  method  for  logic  testing.  To 
find  a more  effective  ATPG  (Automatic  Test  Pattern  Generation) 
algorithm  is  one  of  the  major  problems  in  logic  testing.  For 
ATPG  of  combinational  logic  circuits,  there  are  several 
approaches.  The  major  approaches  are  the  Boolean  difference 
algebraic  approach,  the  random  test  pattern  approach,  the  path 
sensitization  approach,  and  the  Boolean  tree  approach  [Dav88, 
Jeo89]  which  is  a modified  critical-path  method.  In  addition 
to  these  approaches,  the  energy  minimization  approach  is 
introduced  [Cha90,  Chk90]. 

The  test  generation  method  using  the  Boolean  difference 
algebraic  approach  was  developed  by  Sellers  et  al.  (Sel68). 
This  approach  is  very  useful  for  very  small  circuits.  However, 
it  is  impractical  to  apply  this  approach  for  large  circuits 
because  it  requires  a lot  of  time  and  memory  space. 


The  random  test  pattern  approach  consists  of  applying 
random  test  patterns.  This  approach  can  attain  moderate  fault 
coverage  very  easily.  However,  it  is  very  difficult  to  attain 
a high  percentage  of  fault  coverage. 


Much  work  has  been  done  on  the  path  sensitization 
approach.  Many  test  generation  algorithms  have  been  developed 
over  the  years  using  this  approach.  The  D-algorithm  by  Roth 
[Rot66]  is  used  most  widely.  But  this  algorithm  was 
criticized  for  its  poor  performance  in  the  application  of  ECAT 
(Error  Correction  And  Translation)  type  circuits.  PODEM  (Path 
Oriented  DEcision  Making)  algorithm  [Goe81]  and  FAN  (FANout 
oriented)  algorithm  [Fuj83]  are  modifications  of  the  D- 

test  generation.  This  approach  can  be  applied  to  find  test 
patterns  only  for  single  stuck-at  faults. 

Another  approach  is  the  Boolean  tree  approach  which  is  a 
modification  of  the  critical  path  method.  In  this 
dissertation,  the  Boolean  tree  approach  is  used.  In  this 
approach,  the  construction  of  a Boolean  tree  (defined  in 


pattern  generation.  The  use  of  a cost  measure  and  of  some 
strategies  in  constructing  a modified  Boolean  tree  reduced  the 
processing  time  needed  for  the  construction  of  a tree.  This 
approach  tries  every  paths.  However,  some  paths  which  give 
conflicts  are  pruned  instead  of  trying  all  possible  paths 


blindly  and  exhaustively.  Hence  this  approach  can  generate  a 
test  pattern  only  if  it  exists. 

In  sections  3.2  and  3.3,  the  Boolean  difference  algebraic 
approach  and  the  random  pattern  approach  are  discussed 
briefly.  In  section  3.4,  discussions  on  path  sensitizing 
algorithms  follow.  In  section  3.5,  the  Boolean  tree  approach 
is  discussed. 

3-2  Boolean  Difference  Algebraic  Approach 

This  approach  manipulates  output  equations  Boolean 
algebraically  to  generate  tests.  There  are  several  methods 
using  this  approach.  The  major  methods  are  the  Boolean 
differences  method  [Sel68],  the  propositional  method  by  Poage 
[Poa63],  the  equivalent  normal  form  of  Armstrong  [ArmS6],  the 
cause-effect  equation  of  Bossen  and  Hong  (Bos71),  the  SPOOF 
procedure  of  Clegg  [Cle73],  the  structure  description  function 
of  Kinoshita  et  al.  [KinBO],  and  the  Boolean  satisfiability 
algorithm  [Lar89].  The  Boolean  difference  algebraic  approach 
is  impractical  for  two  reasons.  The  first  reason  is  that  the 
approach  requires  manipulation  of  a great  deal  of  Boolean 
algebraic  equations.  In  general,  the  manipulation  of  Boolean 
algebraic  equation  is  difficult.  The  second  reason  is  that 
this  approach  requires  a lot  of  time  and  memory  because  this 
approach  generates  every  possible  test  for  a given  fault. 

Here  the  Boolean  differences  method  is  described  briefly. 
I*t  F be  the  function  which 


describes 


output 


combinational  circuit  C,  the  output  is  described  by  another 
function  F*  which  is  not  equal  to  F.  The  two  functions  should 
yield  different  outputs  when  a test  pattern  is  applied.  The 
conditions  for  test  patterns,  which  are  used  to  detect  the 
fault  in  the  combinational  circuit  C,  is  defined  by  the 
following  Boolean  difference: 


l (exclusive  OR)  operator. 


As  an  example,  let's  find  the  test  patterns  for  the  faul 
which  transformed  the  circuit  in  Figure  3-1  (a)  into  that  i 
Figure  3-1 (b).  The  output  F for  the  good  circuit  is  given  b 


The  output  F‘  for  the  faulty  circuit  is  given  by 
* X,X;  * X,X4 

The  Boolean  difference  F®F*  can  be  calculated  as  follows: 


(b)  Faulty 


= (X,Xj.XjJQ  (X,X2.XjX,)  . (XjXjtXjXDTXIJ^XJX.) 


The  conditions  for  the  test  patterns  can  be  written  by 


The  above  equations  can  be  written  as 


The  first  condition  gives  X,=0  or  X2=0.  Therefore,  the  test 
patterns  are  (X,-0,  X,=d,  Xj-1)  or  (X,-d,  Xj=0,  Xj=l)  where  d 

3.3  Random  Patterns  Approach 
The  random  pattern  approach  applies  random  test  patterns 
to  the  product  under  test  (PUT) . The  random  test  patterns  can 
be  generated  by  hardware-based  methods.  The  procedure  for  this 

The  test  patterns  are  generated  randomly  or  pseudo- 
randomly.  A noise  generator  can  be  used  for  the  generation  of 
a random  test  pattern.  The  major  drawback  with  this  method 
is  that  the  fault-free  output  is  not  available  as  a stored 


patterns 


avoid  this  difficulty,  sometimes  pseudo-random  test 
are  used.  The  pseudo-random  test  patterns  are 
selected  from  random  test  patterns  generated  by  a software  or 
by  hardware.  The  linear  feedback  shift  register  (LFSR)  is 
usually  used  for  the  hardware  to  generate  pseudo-random  test 
patterns.  Figure  3-3  shows  an  example  of  linear  feedback  shift 
register. 

These  test  patterns  are  applied  to  the  PUT  (Product  Under 
Test)  and  the  known  good  product  simultaneously.  The  outputs 
from  both  products  are  compared.  The  product  under  test  passes 
the  test  only  if  these  outputs  are  equal. 

This  approach  can  attain  moderate  fault  coverage  very 
easily.  However,  it  is  very  difficult  to  attain  a high 
percentage  of  fault  coverage.  As  shown  in  Figure  3-4,  the  rate 
of  increase  in  the  fault  coverage  gradually  decreases  as  the 
number  of  test  patterns  increases.  Hence,  it  is  very  difficult 
to  attain  a high  percentage  of  fault  coverage. 

The  actual  numerical  relationship  is  dependent  upon  the 
circuit.  However,  the  shape  of  the  curve  always  remains  the 
same  for  combinational  circuits.  As  an  example,  let's  consider 
an  irredundant  combinational  circuit  C with  single  stuck-at 
type  faults  [Agr75].  For  simplicity,  the  following  is  assumed 
for  the  example  circuit: 

(1)  consists  of  n-input  NAND  gates  only 

(2)  no  fanouts 

(3)  all  the  inputs  of  a gate  belong  to  the  same  level. 


Linear  feedback  shift  register(LFSR) 


Figure  3-4  Probability  of  detecting  a single  stuck-at 
fault  after  applying  random  patterns 


After  applying  m random  test  patterns  to  the  combinational 
circuit  C,  the  detection  probability  (PD)  is  given  by  the 
following  equation: 

P0(L,M)  • 1 - (l-P(L)  ]" 

PW-p  (P»> 

P»  = l-(Pi-i)n  withp„  = 0.5 
L:  Level  of  the  circuit 
M:  Number  of  applied  random  patterns 
Figure  3-5  shows  the  detection  probability  for  the  combi- 
national circuit  C with  fanin  n (2  or  3)  and  level  L (4  or  6) . 

Another  problem  for  this  approach  is  that  the  reliability 
of  the  known  good  product  is  not  guaranteed.  Sometimes 
synchronization  of  the  two  products  may  cause  problems. 

3,4  path  Seniitizing  Algorithms .Approach 

Theoretically,  there  are  many  techniques  available  to 
test  for  faults  in  a logic  circuit  [MueSlJ.  However,  the  only 
practical  approach  is  the  topological  search  method.  The  most 
widely  used  topological  search  method  is  the  path  sensitizing 
method  proposed  by  Roth  in  his  D-algorithm  [Rot66] . This  D- 
algorithm  has  been  improved  in  many  algorithms  (Mut76,  Goe81, 
Fuj83,  Kir87,  Lio88,  Rob88,  GirSO). 


These  algorithms  adopt  a branch-and-bound  approach  to 
find  test  patterns  from  the  vast  search  space.  Test  pattern 
generation  can  be  accomplished  in  two  steps:  fault  sensitizing 
and  fault  propagation.  Fault  sensitizing  is  a procedure  that 
selects  primary  inputs  which  let  the  logic  value  of  a good 
circuit  at  a fault  site  be  different  from  that  of  a faulty 
circuit.  Fault  propagation  is  a procedure  that  selects  primary 
inputs  which  let  the  faulty  signal  propagate  to  a primary 

procedure.  In  the  following  sections,  several  major  algorithms 
are  discussed  briefly. 

3.4 .1  P-ftlgorithn 


This  is  the  first  true  automatic  test  pattern  generation 
algorithm  [ Rot66  ] . This  algorithm  finds  a test  pattern  only  if 
there  exists  a test  pattern.  This  algorithm  is  based  on  a 
cubical  algebra  which  is  called  D-calculus.  The  following 
sections  discuss  some  terminologies,  the  algorithm,  and  an 
example . 


1 Definitions 


Some  terminologies  are  defined  in  this  section.  In  this 
algorithm,  there  are  five  values  representing  the  state  of 

0:  logic  value  of  0 both  in  the  good  circuit  and  in 


faulty  circuit. 


good  circuit 


the  faulty  circuit. 

X:  unassigned  logic  value.  Sometimes  this  is  called 

D:  logic  value  of  1 in  the  good  circuit  and  logic 

value  of  0 in  the  faulty  circuit.  Sometimes  the 
notation  1/0  is  used  for  D. 

D:  logic  value  of  0 in  the  good  circuit  and  logic 

value  of  1 in  the  faulty  circuit.  Sometimes  the 
notation  0/1  is  used  for  5. 


n realized  by  a gate  G with  n inputs 
x,,  Xj,  ...  , x„.  Every  (n+l)-tuple  (x,,  Xj,  ...  , x„,  x,,,), 
where  xf  may  be  0,  1,  X,  D,  or  5,  is  called  a cube  (or  D-cube) 
which  means  a vertex  in  an  (n+1) -dimensional  space.  The  (n+1)- 
tuple  (x„  X,,  ...  , x„,  f=f(x,,  Xj,  ...  , xn) ) is  called  a 
singular  cube.  A cube  that  sensitizes  a fault  is  called  the 
primitive  D-cube  of  a fault.  A propagation  D-cube  is  a cube 
which  specifies  minimal  conditions  for  inputs  of  a gate  to 
propagate  an  error  signal  on  an  input  of  the  gate.  As  an 
example,  a two-input  AND  gate,  primitive  D-cubes  of  a fault, 
and  the  corresponding  propagation  D-cubes  are  shown  in  Figure 


The  D-frontier  of  a gate  is  defined  as  the  set  of  gates 
that  some  of  the  inputs  of  the  gate  are  D or  6 and  the  output 
is  not  determined. 


faulty 

t-1). 


(2)  Propagate  the  fault  signal  toward  a primary  output. 

(3)  If  the  faulty  signal  is  propagated  to  a primary 
output,  carry  out  line  justification. 

If  there  are  any  conflicts  during  steps  (1),  (2)  and  (3), 
the  algorithm  backtracks  to  the  step  where  the  last 
alternatives  were.  The  algorithm  starts  again  for  the  untried 
alternative  assignments.  The  algorithm  ends  when  a test  is 
found  or  when  there  are  no  untried  alternative  assignments. 

During  the  execution  of  the  algorithm,  the  implication 
and  update  of  a test  cube  (tc)  are  performed  whenever  a new 
value  is  assigned  successfully  to  a line.  Implication  for  a 
gate  is  performed  by  the  intersection  of  singular  cube  of  the 
gate  and  the  assigned  values. 

The  algorithm  can  be  best  explained  by  an  example.  The 
algorithm  is  applied  to  find  the  test  pattern  for  stuck-at-1 
at  line  e in  the  circuit  shown  in  Figure  3-8. 


Example  circuit 


algorithm  is  applied  step  by  step 


following 


step  1-1  This  step  is  to  initialize  a test  cube.  The 
initial  test  cube  is  totally  unspecified. 

Step  1-2  This  step  is  to  sensitize  the  fault  by  using  a 
primitive  D-cube  of  the  fault.  The  primitive 

b=0  e=B) . The  primitive  D-cube  (a=0  b=X  e-D) 
is  selected  at  random. 

Step  1-3  This  step  is  to  combine  the  previous  test  cube 
with  the  selected  propagation  D-cube. 


= (a=0  b-x  e-D)  n (XX... XX) 

- (a-0  b-X  e-D) . 

There  is  no  conflict  for  the  selected  c.  No 
implication  is  possible  for  the  selected  c. 
step  1-4  This  step  is  to  check  whether  the  fault  is 
propagated  to  a primary  output.  If  the  fault 
is  propagated  to  a primary  output,  fault 
propagation  is  not  needed  any  more.  Since 
there  is  no  D or  6 on  the  primary  output  j, 
the  next  is  step  5. 

Step  1-5  The  primary  output  j is  not  assigned  yet. 


This  step 


to  propagate  a fault,  from  the  D-frontier.  The 
D-frontier  for  this  example  is  |G2).  The  cube 
(c-0  e-D  f=6)  is  selected  as  the  propagation 


c = (c-0  e=B  f-B) . 

= (c=0  e=B  f=B)  n (a-0  b=X  e=B) 


There  is  no  conflict  for  the  selected  c. 
Implication  is  possible  for  the  selected  e. 
The  selected  singular  cube  (sc)  for  the  gate  G, 
is  (a-0  f-B  h=D) . The  test  cube  is  updated  as 
to3  - c n tc2 

= (a=0  f=B  h=B)  n (a-0  c-0  e-B  f-B) 

= (a-0  c=0  e=8  f=B  h=B) 

The  selected  singular  cube  (sc)  for  the  gate  Gt 
is  (f=B  g=D) . The  test  cube  is  updated  as 
to*  - sente1 

■ (f-B  g-D)  n (a-0  c-0  e-B  f-B  h-B) 

There  is  no  D or  D on  the  primary  output  j. 
The  primary  output  j is  not  assigned  yet. 

The  D-frontier  is  (G,,  G6) . The  gate  G5  is 
selected  at  random  as  the  gate  to  propagate 
the  fault  through.  The  cube  (d-0  g=D  i-D)  is 


"vs  a 

- s 5 s s n 


» m> 


- sc  n tc5 

. (»-t  1-D  ill  „ ,!  S ! ? a u, 

- (!  s i%  S S U !, 


Step  4-7  Line  i is  not  justified.  Line  justification  is 
performed.  The  selected  singular  cube  (sc)  for 

updated  as 

to4  - sc  n tc* 

= (1  D 1)  n (0  0 D D D 5 1 D) 

■ (0  0 1 8 5 D 5 1 B| 

Step  4-9  A test  is  generated.  The  test  for  the  stuck- 
at-1  at  e is  (a  b c d)-(0  X 0 1) . (a  b c d)  = 
(0X0  1)  means  (abed)  can  be  either  (0  0 0 
1)  or  (0  1 0 1). 

The  decision  tree  for  the  problem  is  shown  in  the  Figure 
3-9.  Note  that  the  values  are  assigned  to  the  internal  lines 
in  addition  to  the  primary  inputs. 


In  1981,  eoel  [GOB81]  proposed  an  algorithm  called  PODEM 
(Path  Oriented  DEcision  Making) . In  the  D algorithm,  the 
values  are  assigned  to  internal  values  as  well  as  to  primary 
inputs.  In  the  PODEM  algorithm,  the  values  are  assigned  only 
to  the  primary  inputs.  The  internal  values  are  determined  by 
implication.  Therefore,  there  is  no  backtracking  at  the 
internal  nodes.  Reducing  the  number  of  backtracking  means  more 
efficiency.  This  is  the  reason  why  the  PODEM  is  more  efficient 


3-algorithm. 


Figure  3-10  shows  the  flowchart  of  the  PODEM  algorithm. 
The  algorithm  generates  a test  pattern  by  repeating  the 
following  two  steps: 


(2)  Do  implications  using 
primary  inputs.  If  the 
algorithm  backtracks  to  t 
tries  another  untried 


to  an  unassigned  primary 

the  values  of  assigned 

the  last  decision  point  and 
combination  of  primary 


The  algorithm  ends  when  there  is  a fault  signal  D or  D on  any 
primary  output  or  there  is  no  untried  alternative  assignments. 

As  an  example,  let's  find  a test  pattern  for  the  stuck- 
at-0  fault  at  line  m in  the  circuit  Figure  3-11.  Figure  3-12 
shows  the  procedure  that  the  PODEM  algorithm  generates  a test 
pattern  for  stuck-at-0  at  line  m.  The  algorithm  proceeds  as 
follows: 

Assignment  1:  a=l.  No  implication  is  possible 

Assignment  2:  b=l.  Implication  gives  i-0  and  g=l . 

Assignment  3:  c«l.  No  implication  is  possible. 

Assignment  4:  d=l.  Implication  gives  j=k-0,  h-1,  1-1. 

Assignment  5:  e-1.  No  implication  is  possible. 

Assignment  6:  f=o.  Implication  gives  m-o.  Backtrack  to 
the  last  decision  point  is  needed  since 
m*0  cannot  sensitize  the  fault. 


ilgorit 


Assignment  7:  f-1  • Implication  gives  m=D,  n=Df  z=B.  The 
test  has  been  generated.  The  test  is 
given  by  (abode  f)-(l  11111). 

The  PODEM  algorithm  is  known  to  be  effective  especially 
for  ECAT  (Error  Correction  and  Translation)  type  functions. 
The  reason  for  this  is  that  an  ECAT  type  circuit  consists  of 
mainly  XOR  (Exclusive  OR)  gates.  The  XOR  gate  can  always 
propagate  a fault  signal  on  one  input  through  the  gate  only  if 
there  is  no  fault  signal  (D  or  B)  on  the  other  inputs  of  the 
gate.  For  a circuit  without  any  fanouts,  the  test  pattern  for 
a fault  can  be  found  simply  by  satisfying  the  condition  which 
guarantees  the  logic  value  at  the  fault  site  to  be  the 
opposite  value  of  the  fault  (1  for  stuck-at-o  and  0 for  stuck- 
at-1) . 

3.4,3  FAH  Algorithm 

In  1983,  a new  algorithm  was  proposed  [Fan83].  This 
algorithm  uses  several  properties  at  fanout  points.  The 
flowchart  for  the  algorithm  is  shown  in  Figure  3-13. 

This  algorithm  reduces  the  number  of  backtracks  by 
considering  fanout  points  as  special  cases  since  backtracks 
occur  because  of  fanouts.  This  algorithm  is  characterized  by 
using  several  strategies  to  reduce  the  number  of  backtracks. 

In  this  algorithm,  there  are  three  kinds  of  lines,  i.e.. 


line 


bound  if  the  logic  value  at  the  line  is  affected  by  the  logic 
value  of  a fanout  point.  A line  is  free  if  the  line  is  not 
bound.  A line  is  called  a head  line  if  the  line  is  adjacent  to 
a bound  line.  Figure  3-14  shows  an  example  of  free  lines, 

The  most  important  strategy  used  in  the  algorithm  is  that 
a head  line  can  be  assigned  any  value  which  may  be  either  0 or 
1.  Therefore,  this  algorithm  stops  the  backtrace  at  a head 
line,  and  postpones  the  line  justification  for  the  head  line 
until  every  bound  lines  are  successfully  assigned. 

3,..5.fiefiXaan  Tres  Algorithm 

This  algorithm  is  a modification  of  the  critical  path 
method  (Tho71).  This  algorithm  starts  from  a primary  output  or 
from  a gate  output,  whose  value  is  determined  as  0 or  1,  and 
traced  backwards  toward  the  primary  inputs.  At  each  logic 
element,  a critical  path  is  selected.  This  approach  has  an 
advantage,  that  is  to  say,  a test  pattern  can  detect  half  of 
the  single  stuck-at  faults  along  the  selected  sensitized  path. 

In  section  3.5.1,  terminologies  used  in  our  approach  are 
defined.  In  section  3.5.2,  the  overall  procedure  of  our 
algorithm  to  generate  the  test  pattern  using  a special  tree, 
which  is  called  a Boolean  tree,  is  described.  In  sections 
3.5.3  and  3.5.4,  the  construction  of  a modified  Boolean  tree 
and  the  acceleration  of  a modified  Boolean  tree  construction 


free  lines : { a,  b,  c,  d,  a,  f,  g,  r } 
bound  lines:  { h,  k,  I,  m,  n,  o,  p,  q,  s,  I } 
head  lines:  { a,  b,  c,  d,  a,  r } 


Figure  3-14  Three  kinds  of  lines  in  the  algorithm 


discussed. 


In  section  3.5.5,  ar 
, experimental  results  a 


3.5.1  Definitions 

Terminologies  used  in  our  approach  are  briefly  defined  in 
the  following  [Dav88]  . 

An  edge  is  an  element  connecting  vertices  (or  nodes) 
which  represent  the  logic  element  in  our  discussion.  In  the 
following,  terminologies,  vertex  and  node  are  used  as  having 
the  same  meaning.  The  direction  may  be  assigned  to  an  edge.  An 
edge  with  an  initial  node  (or  vertex)  a and  a terminal  node 
(or  vertex)  b,  denoted  by  (a,  b) , is  said  to  be  directed  a to 
b.  The  direction  of  an  edge  can  be  either  the  same  as  or  the 
opposite  to  the  direction  of  the  signal  flow.  In  the  forward 
directed  graph,  which  is  defined  below,  the  direction  of  the 
edges  is  the  same  as  that  of  the  signal  flow.  In  the  backward 
directed  graph,  which  is  defined  below,  the  direction  of  the 

A graph  consists  of  a node  (or  vertex)  set,  denoted  V, 
and  an  edge  set,  subset  of  VxV.  For  the  same  circuit,  there 
are  two  kinds  of  directed  graphs,  the  forward  looking  (or 
forward)  graph  and  the  backward  looking  (or  backward)  graph. 
These  two  directed  graphs  are  exactly  the  same  except  that  the 
initial  node  and  terminal  node  are  switched  for  every  edge.  In 
the  forward/backward  graph,  the  forward/backward  directed  edge 
is  used.  In  this  dissertation,  backward  directed  graphs  are 


example 


used  unless  stated  otherwise.  Figure  3-15  shows  an 


forward  and  backward  graphs. 

The  adjacency  matrix  represents  the  connection  between 
vertices.  The  element  of  the  matrix,  Mj  J , is  1 if  node  i is 
directed  to  node  j and  0 if  otherwise.  Figure  3-16  shows  the 
adjacency  matrix  for  the  graph  of  Figure  3-15 (c) . As  shown  in 
Figure  3-16,  there  are  only  a few  non-zero  elements  in  the 
adjacency  matrix.  This  will  be  used  to  store  the  adjacency 
matrix  efficiently  with  less  memory. 

A directed  path  is  a sequence  of  directed  edges  e,, 
e2,  ...,en  where  every  edge  is  an  element  of  the  edge  set  and 


the  terminal  node  (or  vertex)  of  e 
vertex)  of  a,.,.  The  initial  node  < 
initial  node  and  the  terminal  node 
terminal  node.  An  example  is  shown 


tt  is  the  initial  node  (or 
cf  e,  is  called  the  path's 
of  en  is  called  the  path's 
in  Figure  3-17. 


The  distance  between  two  nodes  n,  and  n2  along  a given 
path  p,  which  is  denoted  by  D (n,,  n.) , is  the  number  of  nodes 
which  represent  inverting  gates  (NOT,  NAND,  NOR,  etc.)  between 
the  nodes  in  the  given  path  p.  The  distance  between  two  nodes 
can  be  different  if  the  selected  paths  are  different.  As  shown 
in  Figure  3-17,  the  distance  between  the  nodes  G6  and  c along 
the  path  p is  4 because  there  are  four  inverting  gates  (G6,  G5, 
G,,  G2)  between  two  nodes. 

Assume  two  paths  p and  q in  a directed  graph  (V,E)  with 
the  same  path's  initial  node.  Let  node  set  V be  the  set  of 


(a)  Circuit  diagram 


Circuit  diagram 


directed  graphs 


Directed  path  p : 


Distance  between  vertices  Go  and  c along  the  path  p : 
Do ( Go , c)  - 4 


Figure  3-17  A directed  path  and  the  distance 
between  two  points 


path's  initial  node  and  VB  be  the  set  of  all  nodes  in  m. 
Then,  two  paths,  p and  q,  are  reconvergent  if  the  intersection 
of  V -V„  and  V -V,  is  not  empty.  Figure  3-18 (a)  shows  an 
example  of  reconvergent  paths. 

A backward  graph  (V,E)  is  called  a tree,  denoted  T,  if 
every  path  with  the  longest  length  in  (V,E)  has  the  same 
initial  node  and  no  pair  of  two  paths  in  (V,E)  is 
reconvergent.  The  initial  node  is  called  the  tree  root.  There 
is  an  example  in  Figure  3-18 (b) . 

A node  is  called  even/odd  node  if  the  distance  between 
the  node  and  the  root  along  a selected  path  is  even/ odd.  A 
node  n is  called  a leaf  if  there  is  no  edge  with  initial  node 

is  shown  in  Figure  3-18 (b). 

A subset  of  a backward  directed  graph  (V,E)  for  a network 
with  NAND  gates  only  is  called  a Boolean  tree  [Dav88]  if  every 
edge  satisfies  the  following  properties; 

(1)  At  an  even  node  nE,  only  one  edge  with  initial  node 

nj  in  (V,E)  is  selected  as  a member  of  a Boolean 

(2)  At  an  odd  node  n0,  all  edges  with  initial  node  in 

(V,E)  are  selected  as  members  of  a Boolean  tree. 

(3)  Let  Ge  be  the  set  of  all  even  nodes  except  leaves 

and  G0  be  the  set  of  all  odd  nodes  except  leaves. 

Let  be  the  set  of  all  even  leaves  and  X0  be  the 


o 


Tree  root:  Ga 

Sel  ol  even  nofles  ■ { (,  Q, , G, , G,,  Gj  > 
Sel  ol  odd  noaes  = ( a.  c.  d.  e.  Gj . Gs  } 


Reoonvergent  paths 


odd  leaves. 


The  intersection  of  G(  and  G0 
is  empty  and  the  intersection  of  XE  and  X0  is  empty 

(4)  If  there  are  reconvergent  paths  p, , p- , - . . p, , leave 
only  one  path  and  delete  all  the  other  paths. 
Figure  3-19  shows  an  example  of  a Boolean  tree  for  the 
circuit  in  Figure  3-15 (a) . This  definition  for  a Boolean  tree 
will  be  modified  in  section  3.5.2. 

3.5.2  overall  Procedure  of  the  Algorithm 

algorithm  is  based  on  the  properties  of  a Boolean  tree.  The 
properties  are  stated  in  the  following  section  3.5.2. 1 as  the 
Boolean  tree  theorem.  The  overall  procedure  of  the  algorithm 
is  explained  in  section  3. 5. 2. 2,  step  by  step. 

3. 5. 2.1  Boolean  Tree  Theorem  [Dav88J 

Any  logic  circuit  can  be  implemented  by  NAND  gates  only. 
In  the  Boolean  tree  approach,  every  node  represents  a NAND 
gate  of  the  circuit.  If  gates  other  than  NAND  gates  are  used, 
then  they  are  transformed  into  equivalent  circuit  NAND  gates 
only.  A graph  for  the  given  circuit  can  be  obtained  by 
replacing  every  NAND  gate  by  a node.  Our  algorithm  uses  the 
fact  that  a fault  can  be  propagated  to  the  output  of  a gate  if 
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non-member  of  a Boolean  tree 


Inverting  gates 

NANO  gates : { Gt,  Ga,  Ga , G>,  Gs  . Gs  ) 
Non-inverting  gates:  none 


Set  of  even  nodes  which  are  not  leaves 
Set  of  even  leaves 


Set  of  odd  nodes  which  are  not  leaves 
Go  s { Ga,  Gs) 

Set  of  odd  leaves 
Xo  = l a > 


Figure  3-19  A Boolean  tree  for  the  circuit 
in  Figure  3-15 (a) 


Iispli: 


The  definition  can  be  applied  for  graphs  with  NAND  gates 
only.  In  our  algorithm,  conditions  (1)  and  (2)  for  a Boolean 
tree  in  section  3.5.1  are  modified  so  that  the  definition  may 
be  useful  for  graphs  with  non-NAND  gates  as  well  as  HAND 
gates.  The  modified  conditions  are: 

(l1)  At  an  even  node  nE , some  or  all  the  inputs  of  node 
nE  are  selected  to  have  a value  which  can  guarantee 

(2  • ) At  an  odd  node  nc,  some  or  all  the  inputs  of  node  n„ 
are  selected  to  have  a value  which  can  guarantee 

We  call  the  graph  satisfying  the  above  conditions  (l1) 
and  (2')  and  the  condition  (3)  in  section  3.5.1  a modified 
Boolean  tree.  In  our  algorithm,  the  condition  (4)  in  section 
3.5.1  is  not  used  since  the  construction  of  a modified  Boolean 
tree  needs  less  operations  than  that  with  the  condition  (4) . 
The  Boolean  theorem  holds  true  for  a modified  Boolean  tree, 

3. 5.2. 2 Description  of  the  Algorithm 

The  overall  procedure  for  the  algorithm  to  generate  a 
test  pattern  is  shown  in  Figure  3-20.  Each  step  is  explained 
briefly  in  the  following. 

The  first  step  is  to  read  the  circuit  diagram.  The 
circuit  diagram  is  represented  by  the  adjacency  matrix.  Using 


adjacency  matrix 


elements,  we  can  effectively  store  the  adjacency  matrix. 
Instead  of  storing  all  the  elements  of  the  adjacency  matrix, 
only  the  elements  representing  connections  (or  1)  are  stored. 
By  this  technique,  the  adjacency  matrix  can  be  stored  with 
tremendously  less  memory.  This  can  reduce  the  processing  time 
as  well  as  the  required  memory.  As  an  example,  let's  consider 
a circuit  of  10,000  vertices  with  an  average  fanout  of  2.  The 
adjacency  matrix  contains  only  20,000  elements  of  1 
(connection).  In  this  case,  only  20,000  elements  (i.e.,  0.02%) 
are  stored  instead  of  10s  elements. 

The  next  step  of  the  algorithm  is  to  select  a path  which 
is  used  to  propagate  the  fault  through.  The  next  step  is  to 
find  the  conditions  that  are  needed  to  propagate  the  fault  to 
a primary  output.  The  conditions  to  propagate  a fault  signal 
from  one  input  of  a gate  to  the  output  of  that  gate  are  shown 
in  Figure  3-21.  The  conditions  are  combined  into  a condition 
by  a procedure  called  coalescing.  The  coalescing  is  done  by 
adding  some  edges  and  nodes  to  the  existing  graph  for  the 
circuit.  In  our  algorithm,  the  condition  is  combined  using  a 
HAND  gate  and  several  inverters  (NOT) . The  conditions  x«l  and 
y=l  can  be  combined  into  a condition  z-0  where  z is  the  output 
of  a NAND  whose  inputs  are  x and  y.  If  a condition  requires  a 
value  0,  the  input  for  this  condition  is  inverted  by  a NOT 
gate.  Examples  of  coalescing  are  shown  in  Figure  3-22.  In 
figure  3-22 (b) , three  nodes  (inverting  gate  g,,  coalescing 


gate  gc,  and  output  gate  g0)  are  added  to  combine  four 
conditions  into  a condition. 

The  next  step  is  to  construct  a modified  Boolean  tree 
satisfying  the  conditions  that  are  needed  to  propagate  the 
fault  through  the  selected  fault  propagation  path.  The 
conditions  are  merged  into  a condition  that  requires  logic  1 
at  g0  which  is  the  output  node  added  by  coalescing.  Thus  the 
test  pattern  generation  problem  is  transformed  into  the 
construction  of  a modified  Boolean  tree  with  root  g0.  This 
step  is  the  most  time  consuming  process.  The  detailed 
procedure  will  be  discussed  in  section  3. 5. 3.  It  is  very  easy 
to  find  the  test  pattern  after  the  construction  of  a modified 
Boolean  tree.  The  test  pattern  can  be  obtained  simply  by 
assigning  0 to  every  node  in  X„  (set  of  odd  primary  inputs) 
and  1 to  every  node  in  xc  (set  of  even  primary  inputs) . 
Figure  3-23  shows  an  example  of  finding  a test  pattern  for 
stuck-at-0  fault  at  the  output  of  gate  Gs  in  the  circuit 
diagram  of  Figure  3-15 (a). 

The  next  step  is  to  find  the  faults  where  the  found  test 
pattern  can  be  applied  using  fault  dominance.  The  found  test 
pattern  can  test  half  the  faults  of  the  stuck-at  faults  for 
nodes  along  the  selected  fault  propagation  path.  In  the 


example. 


pattern 


Coalescing 


of  two  conditions 


Examples  of  coalescing 


output 


The  condition  to  sensitize  the  s-a-0  fault  at  the  out  of  G; : 


(a)  Conditions  to  propagate  the  fault  to  the 


Fault  propagation  path{  ):  Gr  - G,  - G5  - Ga 
Combined  new  condition:  Q0=1. 
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construction  of  a modified  Boolean  Tree 


The  efficiency  of  the  algorithm  depends  on  how  to 
construct  a modified  Boolean  tree  efficiently.  The  key  to 
efficiency  is  reducing  the  number  of  backtracks  and  finding 
backtracks  as  early  as  possible.  Section  3. 5. 3.1  describes 
several  strategies  that  are  used  to  reduce  the  number  of 
backtracks  during  the  construction  of  a modified  Boolean  tree. 
In  section  3.S.3.2,  the  algorithm  is  presented. 

3. 5. 3.1  Acceleration  of  a Boolean  Tree  Construction 
(1)  Use  of  a Cost  Measure 

During  the  construction  of  a modified  Boolean  tree, 
either  several  edges  or  an  edge  is  selected  as  a member  of  a 
modified  Boolean  tree.  At  a node  where  only  one  edge  is 
selected,  the  most  probable  edge  is  tried  first.  At  a node 
where  several  edges  are  selected,  the  least  probable  edge  is 
tried  first.  A cost  measure  is  used  in  our  algorithm  to  find 
the  most  or  least  probable  node. 

The  cost  measure  is  defined  using  the  number  of  gates 
between  a node  and  primary  inputs.  Let  C„(n)  and  C,(n)  denote 
the  length  costs  for  a node  n with  output  0 and  1, 
respectively.  Let  ...,  and  x„  be  the  inputs  and  y-f(x,, 
X,,  ...,x„)  be  the  output  of  the  node  n.  If  (xp=p,  xq-q,  x-r) 
where  p,  q,  and  r is  0 or  1,  is  the  only  combination  which 
gives  y*0/l,  then  C„(n)/C,{n)  is  defined  as  the  sum  of  Cp(xp) , 
cq(x,)  I ah'!  Cp(xr) . The  zero  output  cost  (C0(n))  and  one  output 


defined 


cost  (C,  (n) ) for  a primary  input  are 
are  several  combinations  which  give  the  output  y=0(l),  then 
C0(n)  (c,(n))  is  defined  as  the  minimum  among  length  costs 
calculated  for  each  combination. 

The  cost  measures  can  be  summarized  as  shown  in  the 
following  equation: 

1,  if  n is  a primary  input 

I Min  Ck|  (Xj ) , otherwise 

l )a  >i**j 

where  S, , S? , . ..,  and  Sk  are  the  combinations  which  give  y=0 


C,(n) 


1.  if  n is  a primary  input 
Min  Y.  ck,  (xi) . otherwise 


where  S, , s2,  . . . , and  Sk  are  the  combinations  which  give  y=l 


The  cost  measures  C0  and  C,  are  calculated  first  for  every 
node.  The  cost  measures  are  not  updated  at  each  step  of  the 
algorithm.  The  added  processing  time  to  update  cost  measures 
may  be  more  than  processing  time  saved  due  to  the  update  of 


primary  inpurs  without  any  conflict  or  backtrack,  then  a node 
with  less  cost  is  more  likely  to  reach  leaves  with  less 
conflict  or  backtrack.  The  cost  measures  for  each  node  of 
Figure  3-15 (c)  are  shown  in  Figure  3-24. 

(2)  Unique  Path  First  Strategy 

During  the  construction  of  a modified  Boolean  tree,  there 
may  be  a node  without  alternatives.  This  is  the  case  when 
either  every  input  of  the  node  should  be  selected  or  the  other 
inputs  are  already  assigned  and  cannot  be  assigned  another 
value  again.  The  edges  connecting  this  kind  of  edges  are 
determined  first.  Using  this  strategy,  we  can  avoid  some 
backtracks  which  may  happen  in  blind  depth-first  approach.  As 
an  example,  let's  consider  the  case  that  a logic  value  0 is 
reguired  for  the  output  of  G,  in  Figure  3-25.  G,=0  means 
G2=Gj=1.  Gj=1  if  b=0  or  c*0.  c=0  is  selected  as  an  element.  The 
next  step  is  to  satisfy  G2=l.  G2=l  means  a=c=l.  A backtrack  is 
needed  because  c is  assigned  both  0 and  1.  If  we  use  the  above 
strategy,  the  condition  g2=1  is  solved  first.  g2=1  gives  a=l 
and  c=l.  The  next  step  is  to  satisfy  the  condition  Gj=l.  Gs=l 
gives  b»0  or  c=0.  If  c=0  is  selected,  backtrack  is  needed.  But 
in  this  case,  much  less  backtrack  is  needed  compared  to  the 
case  for  the  blind  approach.  The  decision  trees  for  two  cases 
are  shown  in  Figures  3-25  (b)  and  (c) . 
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(3)  Use  of  Distance  Difference 

Our  algorithm  propagates  a fault  to  a primary  output 
through  a path  which  is  called  fault  propagation  path.  The 
fault  signal  propagates  through  a gate  which  is  a part  of  the 
fault  propagation  path  by  assigning  0 or  1 to  other  inputs  of 
the  gate  other  than  the  input  with  fault  signal.  This 
procedure  is  similar  to  the  single  path  sensitization  method. 
Our  algorithm  and  some  algorithms  that  use  single  path 
sensitization  method  can  generate  a test  pattern  for  a fault 
with  less  complexity  than  algorithms  using  the  multiple 
sensitization  method.  However,  the  single  path  sensitization 
method  has  a critical  disadvantage.  The  algorithms  using 
single  path  sensitization  may  not  generate  a test  pattern  for 
a fault  in  the  circuit  with  many  reconvergent  paths  while 
algorithms  using  multiple  path  sensitization  can  generate  a 
test  pattern  for  the  fault.  To  solve  this  problem,  a new 
measure,  which  is  called  distance  difference,  is  used.  Use  of 
distance  difference  brings  effects  of  multiple  path 
sensitization  with  the  complexity  of  the  single  path 
sensitization  method.  Therefore,  our  approach  is  less  complex 
than  the  algorithms  using  the  multiple  path  sensitization 

Let  p and  q be  paths  that  are  reconvergent  to  each  other 
and  i and  t be  the  common  initial  node  and  the  common  terminal 
node  of  paths  p and  q,  respectively.  Assume  that  the  fault 
signal  be  propagated  through  the  path  p.  Let  n,  be  a node  of 


the  path  p and  ^ be  a node  of  the  path  q.  The  distance 
difference  between  two  points  n,  and  n2  along  paths  p and  q, 
which  is  denoted  by  Dp^fn^n^) , is  defined  using  the  difference 
between  D-fi,^)  and  D„ ( i , n^ ) . As  defined  in  section  3.5.1, 
Dp ( i , n, ) denotes  the  distance  between  nodes  i and  n,  and 
D.(i,n2)  denotes  the  distance  between  nodes  i and  n?. 
DpQ (n, , n2)  is  defined  by  the  following  equation: 


aD.q(ni.na)  is  °dd. 


i£  ‘Wn"nJ>  is  even- 


d|>,q(ni,n2)  4Dp(i,n,)  - D„(i,n2) 

If  Dp, p ( n i , n2)  = 0 and  the  condition  to  propagate  the  fault 
is  hj-1/0 , it  means  that  the  node  may  have  either  the  same 
value  as  that  of  n,  or  a logic  value  I/O  to  propagate  the 
fault.  If  = 1 and  the  condition  to  propagate  the 

value  opposite  to  that  of  n,  or  a logic  value  1/0  to  propagate 

Let's  apply  this  property  to  find  a test  pattern  for 
stuck-at-l  fault  at  g in  the  circuit  of  Figure  3-26. 

. The  selected  fault  propagation  path  p is  g-j-n. 

. The  fault  sensitization  can  be  accomplished  by  the 
condition:  g=0. 


The  conditions  required  to  propagate  the  fault  to  the 
primary  out  n along  the  selected  path  are  the 
following: 


The  condition  g=0  requires  b-c-1.  Now,  the  value  at  g 
is  D. 

The  next  condition  i=l  requires  b=0  or  e=0.  e-0  is 
selected  because  b is  already  assigned  1.  e=o  gives 

The  next  condition  ra=l  implies  h*0  or  c=0.  h=0  is 
selected  because  c is  already  assigned  1.  h=o  means  b=l 

The  next  condition  k=l  implies  g=0  or  d=0 . But  g or  d 
are  already  assigned  other  values.  This  is  where  the 
single  path  sensitization  method  fails.  In  our 
algorithm,  however,  it  is  possible  to  satisfy  the 
condition  by  using  the  distance  difference  Dn.j.g  „.|,.((g. 
g) . The  difference  Dn.j.fl  n.k.0(g,g)  is  0.  Therefore,  it  is 
not  necessary  to  satisfy  the  condition  g«l.  The 
condition  g»D  is  satisfied  instead  of  the  condition 
g=l.  From  the  example,  the  fault  at  g is  propagated 
through  two  paths  g-j-n  and  g-k-n. 


2 Algorithm  t 


i Modified  Boolean  Tree 


Our  test  generation  algorithm  is  based  on  the  depth-first 
approach.  However,  it  is  characterized  by  the  strategies 
described  in  section  3. 5. 3.1  which  are  used  to  reduce  the 
number  of  backtracks  and  to  find  the  backtracks  as  early  as 
possible.  Because  of  these  strategies,  our  algorithm  can 
generate  a test  pattern  for  a fault  with  the  complexity  of 
algorithms  that  employ  the  single  path  sensitization  method. 

The  algorithm  consists  of  two  parts,  that  is  to  say,  EVEN 
and  ODD.  The  algorithm  EVEN  (n, ) gives  conditions  for  a node  n, 
to  have  the  logic  value  1.  Similarly,  the  algorithm  ODD ( Hq} 
gives  conditions  for  a node  n0  to  have  the  logic  value  0.  The 
conditions  are  given  as  logic  value  0 (or  1)  at  inputs  of  a 
gate  or  at  primary  inputs.  The  algorithms  EVEN  or  ODD  are 
applied  for  the  conditions  until  a modified  Boolean  tree 
satisfying  the  conditions  is  found.  If  more  than  one  value  are 
needed  at  a node  simultaneously,  a backtrack  is  done  to  try 
another  alternative. 

The  algorithm  is  shown  in  Figure  3-27.  In  the  algorithm, 
a value  v is  used  to  denote  the  logic  value  of  a node.  The 
sets  used  in  the  algorithm  are  as  follows: 

G,  : A set  of  even  nodes  which  are  not  leaves. 

G0  : A set  of  odd  nodes  which  are  not  leaves. 


S*  : A set  of  nodes  with  constraints  that  must  be  solved 
by  the  end  of  the  algorithm.  The  constraints  are 
given  as  logic  value  0 (or  1)  at  a node.  This  set 
corresponds  to  the  set  of  AND  nodes  in  the  AND-OR 

S+  : A set  of  alternative  nodes.  This  set  corresponds  to 
the  set  of  OR  nodes  in  the  AND-OR  graph. 

The  algorithm  starts  at  the  condition  that  the  logic 
value  at  the  root  is  1.  The  first  step  is  EVEN (root)  to  solve 
the  condition.  EVEN  (root)  gives  conditions  at  the  inputs  of 
the  root.  The  inputs  may  be  either  primary  inputs  or  outputs 
of  the  other  nodes.  The  algorithms  used  to  solve  those 
conditions  for  outputs  of  the  other  gates  are  either  EVEN  or 
ODD.  EVEN  is  used  for  the  nodes  with  value  v=l  and  ODD  for 


Our  algorithm  is  applied  for  the  circuit  shown  in  Figure 
3-28.  The  circuit  is  a priority  decoder  with  160  gates,  36 
primary  inputs,  and  7 primary  outputs.  Figure  3-28 (a)  shows 
the  connection  between  gates.  Figure  3-28 (b)  shows  the  circuit 
diagram  for  Figure  3-28(a).  Shown  in  Figure  3-28(c)  is  a part 


patterns 


primary  inputs. 
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Experimental  Result 


The  Boolean  tree  algorithm  has  been  implemented  on  an  IBM 
PC/AT.  The  algorithm  has  been  applied  to  several  benchmark 
circuits  distributed  by  SIGDA  (the  ACM  Special  Interest  Group 
for  Design  Automation) . The  Boolean  tree  algorithm  has  been 
compared  with  the  FAN  algorithm.  Theoretically,  both  the  FAN 
algorithm  and  the  Boolean  tree  algorithm  can  generate  a test 
pattern  for  every  testable  point.  However,  the  number  of 
backtracks  are  limited  to  1000  to  prevent  excessive  amount  of 
time  for  the  generation  of  a test  pattern  in  the  experiment. 

The  FAN  algorithm  and  the  Boolean  tree  algorithm  are 
compared  using  the  fault  coverage  and  the  amount  of  computing 
time  in  terms  of  MIPS  (Millions  of  Instructions  Per  Second) 
for  several  benchmark  circuits.  To  compare  the  efficiency  of 
the  Boolean  tree  algorithm  with  the  FAN  algorithm,  two  sets  of 
data  are  used  for  the  FAN  algorithm.  The  first  set  is  given  by 
the  FAN  algorithm  implemented  on  an  IBM  PC.  The  second  set  is 
given  by  the  FAN  algorithm  implemented  on  a NEC  system  AC0S- 
1000  by  the  author  of  the  algorithm  [Fuj85J.  The  data  of  fault 
coverage  and  the  amount  of  computing  time  in  terms  of  MIPS  for 
the  Boolean  tree  algorithm  are  given  by  the  algorithm 
implemented  on  an  IBM  PC.  Since  the  two  machines,  a NEC  system 
ACOS-1000  and  an  IBM  PC,  are  different,  the  amounts  of 
computing  times  are  compared  in  terms  of  MIPS  (Millions  of 
Instructions  Per  Second) . 


algorithm  which 


CHAPTER  4 

SEQUENTIAL  LOGIC  TEST 

1.1-  In.tr.oflasti.Qn 

The  number  of  gates  in  a logic  circuit  has  been  increased 
rapidly  owing  to  the  progress  of  Integrated  Circuit(IC) 
technology.  This  increase  in  gate  count  makes  testing  more 
difficult  and  time-consuming.  The  test  pattern  generation 

lines  in  a circuit.  There  are  two  approaches  to  alleviate  this 
problem.  One  approach  is  to  design  the  circuit  to  be  testable 
using  the  DPT  (Design  for  Testability)  techniques,  such  as 
Level  Sensitive  Scan  Design  (LSSD)  [Wil73],  Signature  Analysis 
[Whi78],  Scan/Set  Logic  [Ste77],  Built-In  Logic  Block 
Observation  (BILBBO)  (Koe79),  etc.  The  other  approach  is  to 
design  more  efficient  test  generation  algorithms. 

There  are  many  algorithms  for  the  test  generation  of 
combinational  logic  circuits  [Rot66,  Goe81,  Fuj83,  Jeo89). 
However,  there  are  no  general  algorithms  which  can  always  give 
a satisfactory  result  for  tightly  sequential  circuits.  There 
is  a very  important  difference  between  faults  in  combinational 
logic  circuits  and  those  in  sequential  circuits.  In  sequential 
circuits,  a fault  may  have  the  effects  of  multiple  faults  or 
repeated  faults.  Existing  algorithms  do  not  consider  this 


difference  sufficiently.  We  derived  a new  algorithm  using 
this  difference  and  the  Boolean  tree  approach  used  for 
combinational  circuits. 

There  are  several  algorithms  for  automatic  test  pattern 
generation  of  sequential  logic  circuits.  The  major  algorithms 
are  Seshu's  algorithm  [Ses65],  extended  D-algorithm  [ Put7 1 ] , 
nine-valued  circuit  model  [Mut76),  and  extended  backtrace 
approach  [Mar86J. 

Heuristics  is  used  in  Seshu's  algorithm.  One  of  the  key 
heuristics  in  Seshu's  algorithm  is  to  change  only  one  bit  of 
current  test  pattern  to  generate  the  next  test  pattern  at  each 
step.  Seshu's  algorithm  is  ineffective  on  large  circuits  and 
circuits  with  many  feedback  lines.  The  extended  D-algorithm 
transforms  sequential  logic  circuits  into  iterative 
combinational  logic  circuits  and  applies  the  D-algorithm.  This 
algorithm  sometimes  fails  to  generate  tests  because  the 
algorithm  imposes  more  restrictions  than  absolutely  necessary. 
The  nine-valued  circuit  model  algorithm  [Mut76]  generates  a 
test  pattern  for  a stuck-at  fault.  However,  this  algorithm 
requires  more  computing  time  because  of  the  greater  complexity 
of  calculus  in  this  algorithm  compared  with  that  in  the 
extended  D-algorithm.  The  extended  backtrace  approach  [Mar86 j 
practically  fails  to  generate  tests  because  of  increased 
complexity  and 


memory  requirement. 


This  chapter  describes  several  existing  algorithms 
followed  by  our  algorithm.  The  experimental  result  for  our 
algorithm  is  also  described. 

4.Z  Review  of  the  Existing  Algorithms 

This  section  describes  several  existing  algorithms.  They 
are  Seshu's  algorithm,  the  extended  D-algorithm,  and  the 
nine-valued  circuit  model  algorithm. 

4.2.1  Seshu's  Algorithm 

The  algorithm  was  developed  by  S.  Seshu  in  1965  (Ses65) . 
This  algorithm  generates  a test  pattern  for  a fault  by  using 
several  strategies.  The  generated  test  pattern  is  selected 
only  if  the  simulation  shows  that  the  test  pattern  is 
effective  in  detecting  the  proposed  fault.  There  are  four 
strategies  in  the  algorithm.  The  four  strategies  used  are 
(1)  best  next  or  return  to  good  input,  (2)  try  wandering, 
(3)  combinational,  and  (4)  reset. 

The  'best  next'  or  'return  to  good  input'  strategy  starts 
by  finding  an  initial  test  pattern.  Usually  the  initial 
pattern  is  determined  to  put  a circuit  into  a reset  state.  In 
the  algorithm,  the  next  pattern  is  defined  as  a pattern  that 
differs  only  one  bit  from  the  present  pattern.  In  the  next 
step,  the  next  pattern  with  best  simulation  results  is 
selected.  Any  other 


effective  patterns 


other  patterns.  Application  of  this  strategy  ends  when  there 


After  the  application  of  the  'best  next'  or  'return  to 
good'  strategy,  the  'try  wandering'  strategy  is  used.  This 
strategy  selects  a test  pattern  at  random  (wandering) . The 
best  next  pattern  of  the  current  pattern  is  selected  as  a 
pattern.  If  there  is  no  best  next  pattern,  a test  pattern  is 
selected  at  random  again.  This  strategy  stops  if  there  is  no 
best  next  pattern  left  after  a predefined  number  of  random 


selection. 

The  combinational  strategy  generates  patterns  for  the 
circuit  which  is  obtained  by  ignoring  the  feedback  lines  of  a 
sequential  circuit.  The  generated  patterns  are  selected  as 
good  test  patterns  only  if  they  are  proved  useful  by 


simulation. 

The  reset  strategy  changes  the  v 
reset  lines.  The  changed  value  is  u 
application  of  the  other  strategies. 


This  algorithm  was  developed  by  G.R.  Putzolu  and  J.P. 
Roth  in  1971.  The  algorithm  finds  test  patterns  for 
synchronous  sequential  circuits  by  the  following  five  steps: 
Step  1.  Determine  the  maximum  allowable  time  frames.  This 
number  is  usually  pre-determined  to  prevent  the 


that  requires  excessive  processing  time 


without  any  good  test  patterns.  The  initial  tine 
frane  (tf°)  is  set  to  0. 

Set  the  pseudo-inputs,  which  are  not  the  primary 
inputs  but  the  inputs  for  each  time  frame,  to  an 
unknown  value. 


i equivalent  iterative  combinational 
:ime  frame  tf*  for  the  given  sequential 


Find  a test  pattern  for  the  equivalent  iterative 
combinational  circuit  by  using  the  D-algorithm.  If 
a test  pattern  is  found,  stop  to  exit  because  the 
algorithm  succeeded. 

If  a test  pattern  is  not  found,  increase  time  frame 
tf*  by  1.  If  tf*  exceeds  the  maximum  allowable  time 
frames,  exit  the  algorithm  with  no  test.  If  tff  is 
less  than  the  maximum  allowable  time  frames,  go  to 


4.2.3  Nine-valued  Circuit  Hodel  Algorithm 

This  algorithm  was  developed  by  P.  Muth  in  1976  [Mut76]. 
In  this  algorithm,  four  partially  specified  values  are  added 
in  addition  to  the  five  values  used  in  the  D-algorithm.  Thus, 
there  are  nine  values  to  represent  the  state  of  a line.  The 
nine  values  n(  are  ordered  pairs  of  binary  values  (b,  b, ) ( 
where  bB  is  the  binary  values  in  the  good  circuits  and  bf  is 


the  binary  values  in  the  faulty  circuits.  The  nine  values  a 
summarized  in  the  following: 


: Logic  value  of  0 both  in 
faulty  circuits.  The  sam 

faulty  circuits.  The  sam 

faulty  circuits.  The  sam 

faulty  circuits.  The  sam 
: Unassigned  logic  value  b 
in  the  faulty  circuits, 
algorithm. 

3 : Unassigned  value  in  the 
faulty  circuits. 

I : Unassigned  value  in  the 


the  good  circuits  and  in  the 
i with  0 in  the  D-algorithm. 
the  good  circuits  and  in  the 
i with  1 in  the  D-algorithm. 
good  circuits  and  0 in  the 
; with  D in  the  D-algorithm. 
good  circuits  and  1 in  the 
' with  5 in  the  D-algorithm. 
>th  in  the  good  circuits  and 


good  circuits  a 


good  circuits  a 


faulty  circuits. 

GO  : Logic  value  of  0 in  the  good  circuits  and  unassigned 
value  in  the  faulty  circuits. 

G1  : Logic  value  of  1 in  the  good  circuits  and  unassigned 
value  in  the  faulty  circuits. 


The  intersection  operation  of  a=(a9,  a()  and  b=  (b  , b()  is 
defined  by  the  following  equation: 

a n b = (a,,  a,)  fl  (b9,  b,) 

a (a,  fib,,  a,  fib,) 


If  the  value  of  a line  is  a=(ag,  a,)  and  b=(bg,  b() 
simultaneously,  the  value  is  determined  by  the  intersection  of 
a and  b.  If  either  the  intersection  agnbg  or  afnbf  is  empty, 
the  required  values  are  inconsistent.  If  either  value  is 
inconsistent,  the  algorithm  backtracks  to  the  last  point  with 
alternatives.  As  an  example  of  intersection,  the  value  of  a 
line  whose  value  is  GO  and  FI  simultaneously  is  found  by  the 
following  equation: 

GO  n FI  = (0,X)(1(X,  1) 

= (OflX.Xfll) 

■ (0,1) 


These  nine  values  are  used  to  represent  propagation  D- 
cubes  which  play  a very  important  role  in  propagating  the 
faulty  signal  to  a primary  output.  As  an  example,  consider  a 
3-input  NAND  gate  with  inputs  a,  b,  and  c and  output  d.  The 
propagation  D-cubes  for  the  gate  are  shown  in  Figure  4-1.  The 
Figure  shows  that  propagation  D-cubes  for  the  D-algorithm 
requires  more  strict  a condition  for  the  inputs.  In  the  D- 
algorithm,  the  propagation  D-cubes  require  1 for  the  inputs 
without  faulty  signal.  However,  the  other  inputs  of  that  gate 
can  be  F to  propagate  the  fault  through  the  gate,  where  F is 
the  faulty  signal  on  an  input  of  the  gate. 


SI  = 1/0 
so  = o/i 
1/x 


SI  G1  G1  SO 


(c)  pdc  for  the 
nine-valued 


Figure  4-1  A 3-input  NAND  gate  and  propagation  D-cubes 


The  procedure 


nine-valued  circuit  model  algorithm 
extended  D-algorithm.  The  algorithm 


proceeds  as  follows: 

Step  1.  Determine  the  maximum  allowable  time  frames. 
Initial  time  frame  tf0  is  set  to  0. 

Step  2.  Set  the  pseudo- inputs,  which  are  not  the  primary 
inputs  but  the  inputs  for  each  time  frame,  to  an 
unknown  value  U=(X,X) . 

Step  3.  Construct  the  equivalent  iterative  combinational 
circuit  with  time  frame  t f . for  the  given  sequential 


Step  4.  Find  a test  pattern  for  the  equivalent  iterative 
combinational  circuit  by  using  the  D-algorithm. 
This  is  the  step  where  the  difference  between  the 
extended  D-algorithm  and  the  nine-valued  circuit 
model  algorithm  lies.  The  propagation  D-cubes  for 
the  two  algorithms  are  different.  Therefore,  the 


two  algorithms  have  different  complexities  and  find 
different  test  patterns.  If  a test  pattern  is 
found,  stop  to  exit  because  the  algorithm 
succeeded. 

Step  5.  If  a test  pattern  is  not  found,  increase  time  frame 
tf 1 by  1.  If  tf1  exceeds  the  maximum  allowable  time 
frames,  exit  the  algorithm  with  no  test.  If  tf1  is 
less  than  the  maximum  allowable  time  frames,  go  to 


4.3  Boolean  Tree  Algorithm 
4.3.1  Overall  Procedure 

The  algorithm  for  the  combination  circuit  is  extended  for 
the  sequential  circuit.  The  overall  procedure  of  our  algorithm 
is  shown  in  Figure  4-2.  This  algorithm  generates  a test 
pattern  by  transforming  a sequential  circuit  into  an  iterative 
logic  circuit  iteratively.  Brief  explanations  for  each  step 
follow. 

In  the  first  step,  the  maximum  number  of  time  frames 
allowed  for  test  generation  is  limited  to  a pre-determined 
number.  The  next  step  is  to  read  the  connections  of  a logic 
circuit.  These  connections  are  represented  by  a matrix  called 
adjacency  matrix.  The  (i,j)-th  element  is  1 if  there  is  an 
edge  from  node  i to  node  j and  0 otherwise. 


The  next  step  is  to  generate  a fault  for  every  possible 

be  either  a stuck-at-0  fault  or  a stuck-at-1  fault. 

After  generation  of  a fault,  we  should  find  a path  to 
propagate  the  fault,  which  was  generated  in  the  preceding 
step,  to  a primary  output.  Seguential  circuits  are 
characterized  by  feedback  loops  and  Flip  Flops  (F/F's).  The 
fault  propagation  path  should  not  contain  a loop.  In 
combinational  circuits,  any  gate  may  propagate  a fault  on  the 
input  of  that  gate.  In  seguential  circuits,  however,  some 
kinds  of  gates  cannot  propagate  a fault  on  the  input  of  the 
gates.  D F/F's  can  be  used  as  elements  of  a fault  propagation 
path  whether  they  have  preset/clear  inputs  or  not.  But  the 
other  kinds  of  F/F's  without  preset/clear  cannot  be  used  as 
elements  of  the  path  since  these  F/F's  cannot  be  initialized. 
Without  initialization,  these  F/F's  cannot  propagate  a fault. 

The  next  step  is  to  find  conditions  to  propagate  the 
fault  through  the  selected  fault  propagation  path.  If  there 
are  T F/F's,  JK  F/F's,  or  SR  F/F’s  in  the  fault  propagation 
path,  outputs  of  these  F/P's  should  be  initialized.  This  is 
because  the  next  outputs  of  these  F/F's  depend  on  the  current 
outputs  as  well  as  on  the  current  inputs.  These  F/F's  without 
preset/clear  input  cannot  be  initialized  when  one  input  has 
faulty  signal.  Figure  4-3  shows  the  conditions  needed  to 
propagate  a faulty  signal  on  one  input  to  the  output  of  the 
F/F's.  As  shown  in  the  Figure,  a JK  F/F  can  propagate  a faulty 


(d)  JK  F/F 


F/F'! 


signal  at  an  input  only  if  it  is  initialized.  But  the  output 
of  a SR  F/F  should  have  a value  determined  by  the  location  of 
a fault  signal.  In  a SR  F/F,  if  the  fault  signal  is  on  S/R, 
then  the  initial  value  of  the  output  at  0 should  be  0/1. 

The  next  step  is  to  construct  a modified  Boolean  tree 
satisfying  the  needed  conditions.  This  is  the  most  time- 
consuming  step.  The  conditions  are  merged  into  a condition  by 
the  procedure  called  coalescing.  The  coalescing  is  similar  to 
that  for  combinational  circuits.  In  sequential  circuits,  D 
F/F's  are  used  to  represent  different  time  frames.  The 
coalescing  is  done  by  adding  several  D F/F's,  inverters 
(NOT's),  a coalescing  gate  ge  (NAND  gate),  and  the  output  gate 
g0  (NAND  gate) . Figure  4-4  shows  an  example  of  coalescing.  The 
coalescing  merges  several  conditions  into  a condition  g„=l. 
Thus,  the  conditions  are  satisfied  by  constructing  a modified 
Boolean  tree  with  logic  1 at  the  root  (or  g ) . In 
combinational  circuits,  a node  cannot  be  both  odd  and  even.  In 
sequential  circuits,  a node  can  be  both  even  and  odd  only  if 
the  time  frame  is  different  since  a node  at  a time  frame  0 is 
different  from  the  node  at  a time  frame  -1.  Figure  4-5  (c) 
shows  an  example  of  a modified  Boolean  tree  that  has  a node  G, 
whose  value  is  0 at  time  frame  0 and  1 at  time  frame  -1.  The 
detailed  procedure  for  the  construction  of  a modified  Boolean 
tree  is  discussed  in  section  4.3.2. 

After  construction  of  a modified  Boolean  tree  satisfying 
every  condition  needed  to  propagate  the  fault  to  a primary 


Coalescing 


conditions 


(c)  A modified  Boolean  tree  for  (b) 
Figure  4-5  A modified  Boolean  tree 


output,  it  is  very  easy  to  find  a test  pattern  for  the  fault. 
The  test  pattern  can  be  found  by  assigning  0 to  every  odd 
primary  input  and  1 to  every  even  primary  input. 

4.3.2  The  Construction  of  a Modified  Boolean  Tree 


In  our  test  generation  algorithm,  the  most  time-consuming 
and  difficult  step  is  the  construction  of  a modified  Boolean 
tree.  The  procedure  is  similar  to  that  for  combinational 
circuits.  The  feedback  loops  and  F/F's  make  the  problem  more 
difficult. 

The  algorithm  consists  of  two  parts,  that  is  to  say,  EVEN 
and  ODD.  The  algorithm  EVEN [ n, ) gives  conditions  for  a node  n, 
to  have  a logic  value  1.  Similarly,  the  algorithm  ODD(n0) 
gives  conditions  for  a node  n0  to  have  a logic  value  0.  The 
algorithms  EVEN  or  ODD  are  applied  for  the  conditions  until  a 
modified  Boolean  tree  satisfying  the  conditions  is  found.  If 


frame  simultaneously,  a backtrack  is  needed  to  try  another 
alternatives . 

The  algorithm  is  shown  in  Figure  4-6.  In  the  algorithm, 
a value  v is  used  to  denote  the  logic  value  of  a node.  The 
sets  used  in  the  algorithm  are  as  follows: 


A set  of  even  nodes  which  are  not  leaves. 
A set  of  odd  nodes  which  are  not  leaves. 


by  the  end  of  the  algorithm, 
given  as  logic  values  0,  1,  D, 


e constraints  are 


S+  : A set  of  alternative  nodes.  This  set  corresponds  to 
the  set  of  OR  nodes  in  the  AND-OR  graph. 


The  algorithm  starts  at  the  condition  that  the  logic 
value  at  the  root  is  1.  The  first  step  is  EVEN(root)  to  solve 
the  condition  root=l.  EVEN (root)  gives  conditions  at  the 
inputs  of  the  root.  The  inputs  may  be  either  primary  inputs  or 
outputs  of  the  other  nodes.  The  algorithm  used  is  either  EVEN 
or  ODD  to  solve  those  conditions  for  outputs  of  the  other 


4.3.3  An .Example 

As  an  example,  let's  find  a test  pattern  for  the  s-a-1 
fault  at  the  primary  input  a in  Figure  4 -7 (a).  The  procedure 
is  shown  in  the  following  step  by  step. 

step  1 The  first  step  is  to  find  a fault  propagation 
path.  The  path  selected  is  a-G,-Gs-G5-G7-G8. 

Step  2 The  conditions  needed  to  propagate  the  fault 
through  the 
follows: 


(a)  Circuit  diagram 


(b)  Coalescing 


conditions 


An  example  for  test  generation 

(a)  A circuit  diagram 

(b)  Coalescing  of  conditions 

(c)  The  backward  graph  for  (b) 

(d)  A modified  Boolean  tree 


(d)  A modified  Boolean  tree  for  (o) 
4-7  — continued 


condition . 


For  G5:  G,=0  at  a time  frame  -1. 

For  G,:  No  condition. 

For  a:  a=0  at  a time  frame  -1  to  sensitize  the 

Step  3 This  step  is  to  construct  a modified  Boolean 
tree  satisfying  the  conditions  found  in  step 
2.  This  is  accomplished  by  coalescing  the 
conditions  into  a condition  (Figure  4-7 (b)  and 
(c))  and  constructing  a modified  Boolean  tree 
with  root  GMt.  A modified  Boolean  tree  is 
shown  in  Figure  4-7 (d) . 

Step  4 From  the  modified  Boolean  tree,  a test  is 
found  as  ((a.2  b.2  c.,) , (a.,  b.,  c.,),  (a„  b0  c0))  = 
((0X0),  (010),  (XIX)). 


4.3.4  Experimental  Result 

our  algorithm  is  applied  to  several  benchmark 
distributed  by  SIGDA  (the  ACM  Special  Interest  G 
Design  Automation) . The  result  is  shown  in  Figure 


■ 9V:  Nine-Valued  Circuit  Mopdei  Algorithm 


CHAPTER  5 
CONCLUSION 

We  developed  a new  algorithm  which  is  called  the  Boolean 
tree  algorithm.  The  algorithm  generates  test  patterns  by  the 
following  three  steps: 

(1)  Transform  a circuit  into  a directed  graph. 

(2)  Construct  a modified  Boolean  tree  which  satisfies 

output. 

(3)  Find  a test  pattern  by  assigning  1 to  every  even 
primary  input  and  0 to  every  odd  primary  input. 

The  algorithm  has  been  applied  to  several  benchmark 
circuits  distributed  by  SIGDA  (the  ACM  Special  Interest  Group 
for  Design  Automation) . The  experimental  results  showed  the 
following: 

(1)  For  combinational  circuits,  the  algorithm  is  more 
efficient  than  the  FAN  algorithm  which  is  one  of  the  most 
efficient  algorithms. 

(2)  For  sequential  circuits,  the  algorithm  shows  more  fault 
coverage  than  the  nine  valued  algorithm. 


and  future  work  follow  in  sections  5.1 


5-1  summary  of  Main  ideas 

In  this  dissertation,  an  automatic  test  pattern 
generation  problem  is  transformed  into  the  construction  of  a 
special  tree  which  is  called  a modified  Boolean  tree.  A node 
is  called  a even/odd  node  if  the  distance  between  the  node  and 
the  tree  root  is  even/ odd.  The  logic  value  at  the  root  of  a 
modified  Boolean  tree  is  1 if  every  even  primary  input  is 
assigned  1 and  every  odd  primary  input  is  assigned  0. 

In  constructing  a modified  Boolean  tree,  cost  measures 
are  used  to  select  the  most  or  least  probable  edges. 

Our  algorithm  can  generate  test  patterns  similar  to  the 
single  path  sensitization  method.  In  most  cases  algorithms 
using  the  single  path  sensitization  method  fail  to  generate 
test  patterns  when  multiple  path  sensitization  is  required 
even  though  there  exist  test  patterns.  Our  algorithm,  however, 
can  generate  test  patterns  only  if  there  exist  test  patterns. 
This  is  possible  by  the  use  of  distance  difference. 

The  algorithm  is  applied  for  synchronous  sequential  logic 
circuits.  The  distance  difference  is  also  of  use  for 
sequential  circuits. 


.2  Future  work 


useful  by  using  information  other  than  the  number  of  gates  to 
be  processed  to  reach  primary  inputs.  The  number  of 
alternatives  may  be  used  for  this  purpose.  The  current 
algorithm  calculates  cost  measures  before  the  start  of  the 
test  generation.  The  calculated  cost  measures  are  used  again 
and  are  not  updated  to  the  progress  of  the  algorithm.  Dynamic 
update  of  the  cost  measures  may  be  useful  to  reduce  the 
processing  time  required  to  construct  a modified  Boolean  tree. 
Since  the  actual  number  of  gates  to  be  processed  varies  during 
the  construction  of  a modified  Boolean  tree,  the  cost  measure 
can  be  updated  according  to  the  progress  of  the  algorithm. 
Observability  or  controllability  [Gol79]  can  be  used  as 
another  factor  to  determine  the  cost  measures. 

The  next  step  is  to  apply  the  algorithm  for  bridging 
faults  and  for  multiple  stuck-at  faults.  Since  the  possible 
number  of  these  faults  is  huge,  it  is  practically  impossible 
to  generate  a test  pattern  for  every  possible  bridging  fault 
or  multiple  fault.  Bridging  faults  occurs  usually  between 
adjacent  lines.  Using  this  information,  the  number  of  probable 
bridging  faults  can  be  reduced  to  a manageable  level.  The 
number  of  multiple  faults  is  alBo  very  large.  This  number  also 
can  be  reduced  by  considering  the  case  with  a probability 
larger  than  the  number  which  is  determined  by  the  user. 


The  next  task  is  to  modify  the  algorithm  for  asynchronous 
sequential  logic  circuits.  The  current  algorithm  can  be  used 
for  synchronous  sequential  logic  circuits. 
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